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a  b  s  t  r a  c t

The use  of tri-  and  tetraphosphonate  cavitand  hosts  in  conjunction with  tetrabutylammonium  halide

catalysts led  to improved  activity in the  coupling of 1,2-epoxyhexane  and  CO2. Catalytic efficiency  of

the supramolecular  assembly  strongly  relies on both  the  structural  features and  binding  properties  of

the cavitand  host.  Tetraphosphonate  cavitand  host  (4iPO  1)  was shown to impact more markedly  n-

Bu4NCl  reactivity  than  triphosphonate  counterpart  (3iPO  3) due to its  greater binding strength  toward

the ammonium  cation  as  evidenced  by  titration  experiments.  The participation of  acidic  functional  groups

within the  cavitand  structure to  activity  enhancement  was also  clearly  demonstrated.  The best result  was

obtained with  n-Bu4NI/3iPO  2  supramolecular  assembly  affording  hexene carbonate  in quantitative  yield

after 18 h of reaction.  The  improved  performance  observed  with the  cavitand  3iPO  2  relies on a double

activation of both the  nucleophile  (halide) through  efficient encapsulation  of  the  ammonium  cation  and

the substrate (epoxide)  through  hydrogen bonding.

©  2016  Elsevier B.V.  All  rights  reserved.

1. Introduction

The utilization of carbon dioxide (CO2) as a key component

in organic transformations has recently drawn much attention

as a greener alternative to fossil fuel based resources [1–3].  CO2

is cheap, abundant and non-toxic and the development of syn-

thetic methodologies that efficiently incorporate CO2 into one or

several steps to  produce value-added molecules represents a  signif-

icant gain in atom economy, process safety and energy investment

over current technology [4].  The coupling of CO2 with epoxides

to produce five-membered cyclic carbonates is  a  powerful candi-

date for CO2 chemical fixation because of the high atom economy

of the reaction [5–8] and for the many applications of carbonate

compounds as building block or additives [9–12].  Numerous homo-

geneous and heterogeneous catalysts have been developed for

this reaction among which metal-based systems occupy a promi-

nent position [13,14]. In particular, transition metal complexes

derived from the porphyrin [15] or salen/salphen scaffolds [16],

∗ Corresponding authors.

E-mail addresses: jean-pierre.dutasta@ens-lyon.fr (J.-P. Dutasta),

veronique.dufaud@univ-lyon1.fr (V. Dufaud).

when used in conjunction with onium salts, generally showed great

performance in terms of turnover numbers and initial turnover

frequencies achieving in some cases up to 12 000 h−1 [17–20].  In

these systems, the cooperative action of  both the Lewis acid (e.g. Al,

Zn, Mn,  Cr, Co amongst other) and the nucleophile (e.g. the coun-

teranion of the onium salt) at the epoxide through respectively

oxygen atom coordination and nucleophilic ring-opening proved

to be  optimal for catalysis. However, for sustainability consider-

ations and to respond to increasingly stringent regulatory issues

concerning metal contamination, metal-free mediated CO2 fixation

methodologies have recently emerged as a proficient alternative.

Besides commercially available quaternary ammonium and phos-

phonium salts [21],  several other structural types have been shown

to enable CO2 fixation into cyclic carbonates, including ionic liq-

uids [22,23],  betain-based structures [24] and organic bases [25],

although each requires elevated temperatures and pressures for the

reaction to  proceed. Significant improvements in  catalyst efficiency

have recently been achieved from organic structures bearing poten-

tial H-bonding sites to synergistically activate the substrate and/or

stabilize reaction intermediates [26–28].  For example, Kleij and co-

workers have shown that the combination of  polyphenolic-based

compounds such as catechol and/or pyrogallol with n-Bu4NI led to a

very efficient catalytic system able to operate under relatively mild



reaction conditions (25–45 ◦C, PCO2 =  10 bar, 2–5  mol% catalyst)

[8]. In our own  studies, we have demonstrated that azaphos-

phatranes (AZAP), the acidic conjugates of Verkade’s superbases,

whether acting alone [29] or encapsulated in a  hemicryptophane

supramolecular cavity [30], could also function as efficient single-

component catalysts at atmospheric pressure of CO2 and under

mild conditions (80–100 ◦C, 0.1 mol% catalyst) through dual acti-

vation of both epoxide and CO2 [31].

In our current studies, another approach based on host-guest

chemistry has recently been developed to improve organocatalyst

efficiency. By combining ammonium halide salts and specifically

designed ammonium cavitand receptors, efficient incorporation of

CO2 into cyclic carbonates was successfully achieved under mild

conditions, at atmospheric pressure of  CO2 and moderate temper-

ature (100 ◦C) [32]. In  this approach, enhancement is obtained by

increasing the nucleophilicity of the halide rather than epoxide

activation and relies on  the strong binding properties of tetraphos-

phonate cavitand hosts towards ammonium cations. The most

dramatic effect of such host-guest approach was  demonstrated

with tetramethylammonium derivatives, which, when used alone,

are completely inactive even under harsher reaction conditions.

Among the Me4NX series, the Me4NI/cavitand inclusion complex

showed the best performance, as expected given that the iodide

anion is both a  good nucleophile and an excellent leaving group,

achieving up to 92% yield in styrene carbonate after 24 h of reaction

and full conversion at 48 h.

Herein, we wish to further explore the potential of integrating

this host-guest chemistry approach in the field of CO2 chemical val-

orization. The study focusses on two key factors and their effects,

individually and in  concert, on the catalytic reaction: the binding

properties of different cavitand structures with respect to the tetra-

butylammonium cation and the role of acidic functional groups on

certain cavitand species. The binding properties will be directly

observed by titration as followed with 31P NMR, and inferred from

the effects of this binding on catalytic activity (structure-activity

relationships). Clear evidence for the participation of acidic func-

tional groups within the cavitand structure will also  be presented as

it leads to the highest performing ammonium halide based catalyst

available.

2. Experimental

2.1. General

Commercial reagents were purchased from Aldrich Chemical

and used without further purification unless otherwise noted. Sol-

vents were dried using standard methods and stored over activated

4 Å molecular sieves. CO2 of a  purity of  99.99% was  commercially

obtained and used without further purification.
1H and 31P NMR  spectra for titration experiments were recorded

on a Bruker AC-500 spectrometer as well as liquid NMR  spectra of

molecular compounds and referenced as follows: 1H  (500.1 MHz)

and 13C  (125.7 MHz) chemical shifts were measured relative to

residual 1H or 13C resonances in  CDCl3 and 31P (202.4 MHz) chem-

ical shifts were referenced to  external 85% H3PO4 at � =  0.00 ppm.

Data are reported as follows: chemical shift, number of equivalent

nuclei, multiplicity (s =  singlet, d =  doublet, t =  triplet, q = quartet,

sex = sextuplet, m =  multiplet), coupling constant (J in Hz), assign-

ment. During catalytic runs, yields were estimated by 1H  NMR with

a Bruker Avance 300 spectrometer at 300.1 MHz. Mass spectral

analyses were performed on a Nermag R10-10C for exact mass.

Silica gel used for column chromatography was Merk 60 Kiesel-

gel (0.040–0.063 mm).  4iPO 1  and 3iPO 2  hosts were synthesized

following previous literature procedures [33,34].

2.2. Synthesis of propargyl containing cavitand host 3iPO 3
(Scheme S1 in Supporting information)

Cavitand 3iPO 2 (0.20 g,  0.14 mmol) was dissolved in dry

DMF (10 mL)  under argon. Then, K2CO3 (94.0 mg, 0.68 mmol) and

propargyl bromide (35.4 mg,  0.30 mmol) were added. After reflux-

ing for 36 h,  the solution was  allowed to  reach room temperature

and the organic layers were extracted with CH2Cl2 (2 × 10 mL) then

washed with brine (2 × 10 mL)  before being dried over Na2SO4.

After filtration, the solvent was  removed under reduced pressure

and an orange residue was obtained. The crude product was puri-

fied by column chromatography (CH2Cl2/acetone 80:20) affording

host 3iPO 3  as a  white powder (165 mg,  76%). 1H, 13C and 31P NMR

spectra are provided in Supporting information (Figs. S1–S3) along

with nuclei numbering and assignment.

�H (500.1 MHz; CDCl3) 8.00-8.13 (6H, m, H4), 7.47–7.67 (9H,

m, H5,  H6), 7.37 (2H, s, H2b), 7.24 (2H, s,  H2a), 7.05 (2H, s, H1b),

6.69 (2H, s,  H1a), 5.07 (1H, t, 3J =  8.2, H3c), 4.76 (3H, m, H3a,  H3b),

4.73 (1H,  dd, 3J =  2.4, 1J  = 15.6, H7), 4.57 (1H, dd, 3J  =  2.4, 1J =  15.6,

H7), 2.48 (2H, t, 3J = 2.4, C CH), 2.32 (6H, m,  CH2(CH2)9CH3), 2.06

(2H, m, CH2(CH2)9CH3), 1.19–1.55 (72H, m,  CH2(CH2)9CH3), 0.89

(12H, m, CH2(CH2)9CH3). �C (125.7 MHz; CDCl3)  154.89, 146.53,

146.12, 145.85, 135.47, 134.61, 133.26, 131.96, 131.74, 131.66,

128.62, 128.49, 128.30, 126.57, 126.31, 124.05, 121.71, 117.45,

106.88, 79.16, 75.33, 56.24, 36.00, 35.60, 33.83, 31.97, 31.15, 29.75,

29.68, 29.43, 28.04, 27.95, 22.71, 14.12. �P (202.4 MHz; CDCl3) 8.79,

9.14 (2P). ESI–MS m/z obsd 1547.84 [M−H]+, calcd 1547.93 for

C96H125O11P3.

2.3. Titration experiments

Determination of the association constants (Ka) between tetra-

butylammonium cation and 4iPO 1 and 3iPO 2 hosts was obtained

from titration experiments monitored by 31P NMR  (respectively

Figs. S4  and S5, Supporting information). Typically, a solution of

cavitand host (6 mM in CDCl3/MeOD 8:2, 500 �L) was  titrated

in NMR tube with small aliquots of a  concentrated solution of

tetrabutylammonium chloride (70 mM in  CDCl3/MeOD 8:2). Com-

plexation induced shifts �ı  of the phosphorus signal of the host

were measured after each addition and plotted as a function of  the

guest/host ratio. Mathematical analysis of the data and graphic pre-

sentation of the results were performed using the HypNMR 2008

program [35],  handling general host-guest association equilibria

under fast exchange regime on the NMR  time scale. This allows

obtaining the binding constant Ka.

2.4. 1H  NMR  continuous variation method (Job’s plot)

Stock solutions (1 mM in  CDCl3/MeOD 8:2) of host 3iPO 2 and

of n-Bu4NCl were prepared and mixed in NMR tubes with differ-

ent guest/host ratios. In this way, relative concentrations were

varied continuously but their sum was kept constant (1  mM).
1H NMR spectra were recorded for each sample and chemical

shifts of  the aromatic protons in ortho- position of the phenolic

OH groups were measured. Job plots were obtained by  plotting

�� ×  � =  (�obs− �free) × � versus �,  where � is the host mole frac-

tion defined as � = [3iPO  2]
[3iPO  2]+[ammonium]

and �free is the chemical shift

of the aromatic protons in the free host (Fig. S6, Supporting infor-

mation) The stoichiometry of the complexes was obtained from the

value of the mole fraction �,  which corresponds to a  maximum of

the curve: for a  1:1 complexation a �max value of 0.5  is  expected

whereas for a  2:1 host/guest complexation a  �max value of 0.66 is

foreseen.



Fig. 1. Structures of cavitand hosts used in this study.

2.5. Catalytic testing

1,2-Epoxyhexane (2.0 mmol), n-Bu4NX (X = Cl, I) (2 mol%), cav-

itand host (2 mol%), 2,4-dibromomesitylene (used as internal

standard) and methyl ethyl ketone (MEK, 2 mL)  were loaded into

a 25 mL  stainless autoclave. The reactor was flushed three times at

room temperature with 10 bar of CO2 to  remove air from the vessel

before being further charged to 10 bar of CO2 and raised to 80 ◦C.

After the desired reaction time (18 h), the reactor was cooled to

room temperature and then in an  ice bath and finally the excess

of CO2 was carefully released. Reaction yields were determined by
1H NMR. A typical 1H  NMR  trace of  the crude reaction mixture is

provided in  Fig. S7 (Supporting information).

3. Results and discussion

3.1. Synthesis and structural features of cavitands

Three phosphonate cavitand hosts bearing C11 alkyl chains have

been considered during the course of this study (Fig. 1). The 4iPO

tetraphosphonate cavitand 1  was chosen for its strong binding

properties arising from the optimized arrangement of the four P  O

groups oriented toward the cavity, which should provide optimal

ammonium cation complexation. Two variations on this structure

were prepared. In the 3iPO triphosphonate cavitand 2, one of the

phosphonate groups was absent, leaving two  phenolic hydroxyl

groups in its place. This molecule was designed to have host-

guest capability close to  4iPO 1 while introducing acidic phenol

functionalities. The third in  the series is the triphosphonate cav-

itand 3iPO 3 obtained by protecting the terminal OH groups in

3iPO 2  as  propargyl ethers, thus removing the acidic functionality

but closely mimicking the complexation properties of  2. Although

weaker binding properties are expected for 3iPO 2 and 3,  with

respect to 4iPO 1, due to the lack of one PO group, investigating

these three hosts will be of great importance to  delineate clear

structure-activity relationships.

Cavitand hosts 4iPO 1  and 3iPO 2  were synthesized fol-

lowing previous procedures developed by our group [33,34].

Host 1 was readily obtained in one step by reacting resor-

cin[4]arene, bearing four C11 alkyl chains, with PhP(O)Cl2 in  the

presence of N-methylpyrrolidine. Host 2  required first the for-

mation of the thiophosphonate derivative from resorcin[4]arene,

PhPCl2 and sulfur, followed by subsequent oxidation with m-

chloroperoxybenzoic acid. Protection of the two phenolic groups in

2 was achieved with propargyl bromide in the presence of K2CO3

in DMF  affording 3  in 76% yield (Scheme S1). Full characterization

of this new cavitand by 1H, 13C, 31P NMR  and HRMS is  provided in

Fig. 2. 31P  NMR  titration curves for the complexation of  tetrabutylammonium chlo-

ride with 4iPO 1  ( ) and 3iPO 2 ( ) hosts.

Experimental Section and Supporting information (Figs. S1–S3). In

particular, the Cs symmetry of 3iPO 3 was  identified by  the presence

of two 31P  resonances in a  1:2 ratio at 8.8 and 9.1 ppm respectively

in CDCl3 solution (Fig. S3).

3.2. Binding studies

Complexation studies between tetrabutylammonium cation

and 4iPO 1  and 3iPO 2 hosts were investigated in CDCl3/MeOD solu-

tion (8:2) via 31P NMR titrations (Fig. S4 and Table S1 for 4iPO 1

and Fig. S5 and Table S2 for 3iPO 2). For both cases, the binding

constants Ka were determined through the complexation induced

shifts �ı  of the phosphorus signal of the host measured after each

addition of n-Bu4NCl and plotted as a  function of the guest/host

ratio (Fig. 2). In the case of the n-Bu4NCl/4iPO 1 host-guest sys-

tem, the binding constant was  found to  be 18800 M−2 whereas for

n-Bu4NCl/3iPO 2  complex a  significantly smaller association con-

stant of  4380 M−2 was obtained. This result is  not surprising taken

into account that the binding strength in  phosphonate-based cavi-

tands strongly depends on both the number and positioning of the

P O groups at the upper rim of the molecule. In  our case, all P O

groups for both 4iPO 1 and 3iPO 2  hosts are oriented inward with

respect to the cavity but the presence of  only three P  O binding

sites in 3iPO 2  leads to a  marked decrease of its affinity towards

ammonium cation when compared to tetraphosphonate-bridged

cavitand host.



Table 1
Influence of  the cavitand hosts structure on the coupling of CO2 and 1,2-epoxyhexane catalyzed by n-Bu4NXa.

Entry Catalyst Co-catalyst Catalyst:

Co-catalyst ratio

Yieldb (%)

1 n-Bu4NCl – – 10

2 n-Bu4NCl 4iPO 1 1:1 32

3 – 4iPO 1 1:1 0

4 n-Bu4NCl pyrogallol 1:1 30

5 n-Bu4NCl 3iPO 2 1:1 53

6 n-Bu4NCl 3iPO 2c 1:0.1 39

7 n-Bu4NCl 3iPO 3 1:1 19

8 n-Bu4NI – – 8

9 n-Bu4NI 3iPO 2 1:1 100

a Reaction conditions: 1,2-epoxyhexane (2.0 mmol), n-Bu4NX (2 mol%), cavitand host (2 mol%), 80 ◦C,  MEK (2 mL), 10 bar CO2.
b Yields were determined at 18 h  by 1H NMR  of  the crude reaction mixture using 2,4-dibromomesitylene (0.4 mmol) as an internal standard.
c 0.2 mol% of  3iPO 2 host.

3.3. Coupling of CO2 and epoxides

The influence of the cavitand hosts structure on catalytic per-

formance has been investigated in  detail using the coupling of

1,2-epoxyhexane with CO2 to produce hexene carbonate (EC) as

a model reaction (Table 1). In  a  first series of experiments, the reac-

tion was carried out in  MEK  using n-Bu4NCl as the principal catalyst

component (2 mol%). Where used, co-catalysts were introduced in

a 1:1 molar ratio with the ammonium salt. Under these reaction

conditions, selectivity ≥99% was achieved for the carbonate prod-

uct.

Under these conditions, in the absence of any co-catalyst, the

reaction proceeds with very modest activity, yielding 10% hexene

carbonate after 18 h at 80 ◦C (entry 1). The addition of one equiv-

alent of the cavitand 4iPO 1  leads to a  marked increase in  activity,

producing a  32% yield (entry 2). Note that the reaction with 4iPO 1
does not take place in  the absence of n-Bu4NCl (entry 3). The use

of the Brønsted acid pyrogallol (1,2,3-trihydroxybenzene), one of

the best co-catalyst reported to  date by the group of Kleij, leads to

an increase in  activity roughly equivalent to that observed with the

cavitand 4iPO 1 (entry 4,  30% yield).

Thus, one has two independent ways of enhancing catalysis:

by liberating the halide for the initial ring-opening reaction with

epoxide [32], and by  activating the epoxide and/or stabilizing reac-

tion intermediates through multiple hydrogen bonds [8,26,27].  As

mentioned above, 3iPO 2  was prepared in  order to have the pos-

sibility of these two modes of enhancement present in  a  single

co-catalyst. As  expected, 3iPO 2  proved to be very active, produc-

ing a 53% yield under the standard conditions (entry 5). Even small

quantities of  3iPO 2 had very strong effects on catalysis: using ten-

times less co-catalyst (0.2 mol%) led to 39% yield after 18 h (entry

6), an activity even superior to that obtained with one equivalent

of either 4iPO 1 (32% yield) or pyrogallol (30% yield). The per-

formance of  3iPO 3 should give some independent comparison

of the effect of the varying cation complexation ability between

4iPO 1 and 3iPO 2. The yield observed for 3iPO 3 was  found to  be

19% after 18 h (entry 7), which was significantly lower than the

32% yield obtained with 4iPO 1 (entry 2) and coherent with the

lower binding affinity of  triphosphonate-bridged cavitand hosts

with respect to  their tetraphosphonate counterparts. Furthermore,

one can conclude that the acidic OH functional groups of 3iPO 2
have a predominant effect on catalyst enhancement, leading to

the 53% yield (entry 5) for that species. The potential of 3iPO 2
was also evaluated for iodide systems. The tetrabutyl ammonium

iodide alone produced a 8% yield under the standard reaction con-

ditions (entry 8) whereas the addition of one equivalent of  3iPO 2  to

this catalyst led  to quantitative yield after the same reaction period

(entry 9), the most dramatic enhancement effect observed in this

study. To further investigate the potential of the n-Bu4NI/3iPO 2  cat-

alytic system, the reaction was  conducted at shorter reaction time

(3 and 6 h) and the time dependent reaction profile has been dis-

played in Fig. S8 (Supporting information). After only 3 h of reaction,

a 72% yield in hexene carbonate was  already achieved (90% yield

in 6 h) highlighting the remarkable capability of cavitand 3iPO 2 to

promote the overall activity of ammonium-based catalyst system

under mild reaction conditions.

4. Conclusions

In this work, we have demonstrated the high potential of

host-guest systems to improve the catalytic properties of tetrabuty-

lammonium halides in  the coupling of  CO2 with 1,2-epoxyhexane,

affording the corresponding cyclic carbonate with enhanced yields.

Two main factors have been investigated to rationalize our  experi-

mental results. First, we showed that the binding strength in the

ammonium-cavitand association strongly correlates to  the cat-

alytic efficiency of the supramolecular systems. Comparing tetra-

and triphosphonate cavitand hosts showed that catalytic perfor-

mance of n-Bu4NCl was greatly improved when associated to 4iPO

1, a  more powerful host for n-Bu4N+ cation, rather than to  3iPO 3
counterpart. In a second series of experiments, the participation of

acidic functional groups within the cavitand structure was  inves-

tigated using triphosphonate cavitands with and without acidic

phenol functions, which had been reported to strongly interfere

with the reaction. We observed that a  double activation was  pos-

sible with cavitand presenting hydroxyl functions in  addition to

complexation properties. Comparing cavitand 3iPO 2 bearing two

phenolic groups with 3iPO 3  where phenol functions were pro-

tected with alkyne substituents, we demonstrated the dramatic

effect of the acidic functions on catalyst performance. Indeed, with

n-Bu4NCl/3iPO  2  supramolecular system, both binding strength

and activating OH groups act cooperatively to activate the epoxide

substrate in a  more efficient manner. Finally, the iodide salt was

revealed to be the most efficient system when associated to  3iPO

2, emphasizing the interest of our new approach in the coupling of

CO2 with epoxide. Current work is focused on making analogous

heterogeneous systems to ensure easier catalyst recovery.
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